changes in land use or disturbances such as fire or drought and the associated increases in erosion that can 
A new method for measuring total soil C, based on as sensitive to C concentration as the C line at 247.8 nm, and that LIBS (Radziemski and Cremers, 1989 ; Moenke-Blancalibration curves can be readily replicated. Overall these results indi- kenburg, 1989; Rusak et al., 1997) , was recently reported cate that LIBS is a very promising method to estimate soil C pools (Cremers et al., 2001) . Initial calibration studies sugand dynamics.
gested that LIBS analysis could be a promising new method of soil C measurement for different soil types (Cremers et al., 2001 ). However, potential interferences U ncertainty in soil c pools is a major contributor between Fe and C lines at about 248 nm (Cremers et to the overall uncertainty in balancing global and al., 2001 ) prompted evaluation of the 193-nm line of regional C fluxes (Greenland, 1998 ; Department of En-C where there are no interferences from Fe or other ergy [DOE], 1999; Lal et al., 1999; Falkowski et al., elements. Use of LIBS to measure soil C at either 247.8 2000; McCarty and Reeves, 2001) . This fundamental or 193 nm could be an important new application. Deuncertainty about the C cycle is also the focus of current ployment of a well-calibrated and robust LIBS inand future international negotiations and treaties restrument may provide the large number of accurate lated to global change (Horwath et al., 2001; measurements needed to evaluate the importance of 2001; Scharpenseel et al., 2001) . Quantifying soil pools land-use strategies in terrestrial C sequestration efforts and inventories remains a major challenge because of and verify possible C credits for commodities exchange. the high degree of inherent spatial heterogeneity in soil In addition, LIBS measurements can be made while C and the lack of efficient approaches for quantifying in the field and could significantly improve the cost soil C (DOE, 1999) . effectiveness of C measurements. Improving soil C measurement is crucial to evaluate
In this note, we evaluate the LIBS method using the the permanence and to assure adequate monitoring and strong C line at 193 nm. Our main objectives were to verification of sequestered soil C (Barford et al., 2001;  evaluate the usefulness of the 193-nm C line and to Scholes and Noble, 2001 ). This issue of permanence determine if this interference-free C line improves or focuses on the probability that C stored in terrestrial degrades LIBS results. systems will be lost to the atmosphere, either through the LIBS instrument. In addition, the remaining 12 samples were used to verify the relationship between C concentration measured by dry combustion using a Dohrmann DC-180 analyzer (Tekmar-Dohrmann, Mason, OH) and LIBS using the C line at 193 nm. Net intensity of the LIBS C line was recorded for each sample. In addition, intensities of the Al and Si peaks at approximately 199 and 212 nm, respectively, were recorded. The ratio of the intensity of the C line to the sum of the Al and Si lines, C/(Al ϩ Si), was used as the standardized LIBS signal. This ratio minimized the shot-to-shot variation in the LIBS analyses. For each sample, the ratio was plotted with the concentration of soil C measured by dry combustion, a regression equation was estimated using LIBS and dry combustion data, and the resulting calibration curve was used to convert LIBS signal in the remaining samples to C concentrations. Calibration curves were plotted each day LIBS data were collected to monitor the reproducibility of the method.
Analysis of Total Soil Carbon
Subsamples of the Ͻ2-mm fraction were collected from field soils, weighed into sample boats, and analyzed for total soil C by dry combustion (Nelson and Sommers, 1982; Sollins et al., 1999; Robertson and Paul, 2000) . Averages of three dry combustion measurements from each sample were used to calibrate the LIBS method. Separate samples of the same soils were analyzed by LIBS, and the data from both types of measurements were analyzed by linear regression methods. For the measurements reported here, we used the same apparatus and soils as described by Cremers et al. (2001) except for the different LIBS wavelengths noted above.
RESULTS
In the previous evaluation of soil C analysis by LIBS (Fig. 1a) . Use of the ( Fig. 1b) is from once-ionized Al (Al II) and poses no difficulty for quantification of the C line at 193 nm. surement. Using the C line at 193 nm rather than the As expected, C measured by LIBS increased linearly original line at 247.8 nm, we removed the C-Fe interferwith C concentrations as determined by dry combustion, ence. Iron, like some other elements, has a high density and the two data sets were highly correlated (r 2 ϭ 0.99, (emission lines/wavelength range) of emission lines. We p Ͻ 0.001; Fig. 2a) . The verification plot further demonfound that the C line at 193 nm can be used to observe strates that the excellent relationship (r 2 ϭ 0.95, p Ͻ C emission unambiguously using a lower resolution 0.001) between LIBS and dry combustion data holds spectrograph, such as might be incorporated into a fieldfor all soils tested and that Al and Si concentrations portable system. In our analysis, the C and Si lines are remained nearly constant in each sample (Fig. 2b) .
due to neutral species, whereas the Al emission results Slopes of separate calibration curves plotted each day from an ionized species. In general, emissions from neufor 30 d of LIBS analyses were not significantly different tral and ionized species maximize at different times fol-(average r 2 ϭ 0.97, p Ͻ 0.001; data not shown) except lowing plasma formation. However, by using a gated for one curve (r 2 ϭ 0.82). This noted variation could detector with a wide gate pulse (e.g., 20 s), strong have been due to operator error, instrumental error, or emissions from both species were observed simultanea combination of other factors. The repeated calibration ously. In this standardization procedure, variations in curves demonstrated that the method was reproducible, the intensities of the emission lines due to differences at least with the samples chosen.
in ablated material and excitation conditions should be similar so that the ratio is more consistent than the raw intensity of the C line alone. Variation of the C/(Al ϩ
DISCUSSION
Si) ratios from different samples can then be attributed Our revision of the LIBS method begins to extend to actual differences in the C concentrations between the samples. the applicability of this new approach for soil C mea-reproducibility of the calibration curves with the Colorado soils illustrates the robustness of the instrument. Additional testing will be required to evaluate fully the use of various standardizing factors from a wider range of soils, but our calibration and verification data are promising. The apparent consistency of the soil matrices from the Colorado samples strengthens the correlation between the C concentrations measured by LIBS and dry combustion methods.
CONCLUSIONS
It is clear from initial studies (Cremers et al., 2001) and additional results reported in this note that LIBS is a powerful analytical tool for measuring total soil C. We demonstrate that Fe does not interfere with the 193-nm C, that it varies predictably with known C concentrations in calibration samples and unknowns, and that analysis at 193 nm is as reproducible as the method at 247.8 nm. The information in this note supports use of the LIBS method at 193 nm and compliments previous work at 247.8 nm. The main advantages of LIBS analysis over conventional methods such as dry combustion include more rapid sample analysis without sacrifices in precision or accuracy and reduced need for sample preparation. Soil C measurement while in the field is also a potential advantage of LIBS, although this application has yet to be tested fully. Analysis of soil C by LIBS corresponds to data averaged from 10 or more points of about 1 mm in diameter. The rapid analysis and ease of use in the field, however, mean that thousands of measurements might be easily obtained to characterize management and global change. Overall, our results suggest that the LIBS method, as modified and reported in this study, is a promising method for complimenting The sum of Al and Si line intensities used as standardconventional analyses and for advancing the measureization factors may make the analytical signal more roment of soil C pools and dynamics. bust and more generally applicable than either element alone. Ideally, the internal standard should be constant within the suite of soil samples analyzed. Here we as- verification data support this assumption, and the daily
